[1] Using an idealized primitive equation model, we investigate how stratospheric conditions alter the development of baroclinic instability in the troposphere. Starting from the lifecycle paradigm of Thorncroft et al., we consider the evolution of baroclinic lifecycles resulting from the addition of a stratospheric jet to the LC1 initial condition. We find that the addition of the stratospheric jet yields a net surface geopotential height anomaly that strongly resembles the Arctic Oscillation. With the additional modification of the tropospheric winds to resemble the high-AO climatology, the surface response is amplified by a factor 10 and, though dominated by the tropospheric changes, shows similar sensitivity to the stratospheric conditions.
Introduction
[2] Since the discovery of the downward propagation of the Arctic Oscillation (AO) [Baldwin and Dunkerton, 1999] , there has been intense speculation as to which dynamical mechanisms explain how the troposphere responds to the stratospheric state. A number of mechanisms have been proposed, including direct adjustment via PV-inversion [Hartley et al., 1998 ], planetary wave reflection [Perlwitz and Harnik, 2003] , and QBO-like wave-mean flow interaction [Plumb and Semeniuk, 2003] . The common point of these is that they all focus on the planetary-scale response to the stratospheric state.
[3] However, it is quite clear that while the structure of the AO in the stratosphere corresponds well to variations in the strength of the polar vortex, the structure of the AO in the troposphere represents an average over individual synoptic systems [Cash et al., 2002] . Furthermore, recent work [Polvani and Kushner, 2002] has shown that a surface AO-like response can be produced by perturbing the stratosphere in the absence of planetary waves, and a recent GCM study [Charlton et al., 2004] has produced synoptic scale tropospheric responses to changes in the strength of the stratospheric jet. Further hints at a mechanism are offered by Baldwin et al. [2003] , that shows instantaneous shortwave momentum fluxes correlated with earlier values of the stratospheric AO index, and Shepherd [2002] , that suggests the possibility of a sharp bifurcation in the location of upper atmosphere wave drag depending on the stratospheric state. These studies strongly suggest that stratospheric influence on the troposphere might be mediated by changes to the development of baroclinic eddies.
[4] To date, however, the only explicit study of this influence [Tanaka and Tokinaga, 2002] has focused on the differences in the linear growth rates of unstable modes under high-and low-AO conditions. Baroclinic instability is, however, a fundamentally non-linear phenomenon, consisting of lifecycles of eddy growth, saturation and decay. Furthermore, no attempt has been made to explicitly examine the relative effects of stratospheric and tropospheric anomalies on baroclinic development.
[5] To address the question of stratospheric influence we perform numerical experiments with single baroclinic lifecycles, following Thorncroft et al. [1993] , hereafter THM. We solve initial value problems with a baroclinically unstable tropospheric jet, to which we add a stratospheric jet. By modifying the initial conditions in this way, we seek to answer the simple question: how do baroclinic lifecycles change in response to stratospheric zonal wind anomalies?
Method
[6] We use the BOB pseudo-spectral dynamical core [Rivier et al., 2002] , which integrates the dry adiabatic global primitive equations. Results presented here are obtained at T170 spectral resolution, with 40 vertical levels GEOPHYSICAL RESEARCH LETTERS, VOL. 31, L16113, doi:10.1029 /2004GL020503, 2004 Copyright 2004 by the American Geophysical Union. 0094-8276/04/2004GL020503$05.00 arranged as in Polvani and Kushner [2002] ; we have verified that the results discussed below are qualitatively independent of resolution. Initial conditions are specified as a zonal wind field in thermal wind balance with a temperature field whose meridional mean is the U.S. Standard Atmosphere [1976] . The initial zonal wind is constructed analytically as the sum of two jets: a tropospheric jet u T that closely matches that of THM (cf. their Figure 3a) , and a stratospheric jet u S , representing the polar vortex. An initial zonal wave number 6 perturbation of 1 K is applied to the temperature field, resulting in subsequent flow with wave-6 symmetry.
[7] Functional forms of u T and u S are given in Appendix A; jet locations and shapes are fully controllable by varying appropriate parameters. We have performed many integrations over the parameter space of these jets, and we present here the results of a small number of these, chosen as illustrative examples to highlight key results which are qualitatively robust.
Results
[8] In Figure 1a , we show the initial zonal winds for the reference case, labeled LC1, which is based on THM's LC1 initial conditions, and results in a lifecycle that closely matches that of THM. A mature stage of this lifecycle is presented in Figure 2a , where we plot the surface temperature at day 10, after the instability has saturated and nonlinear wavebreaking has produced cyclones, visible as closed temperature contours.
[9] The influence of the stratosphere is illustrated by case SJ1, whose initial condition is shown in Figure 1b . In this case we add a jet confined to the stratosphere, corresponding to a high stratospheric AO index. Below 15 km, the initial winds in SJ1 are nearly identical to those in LC1, as can be seen from the difference plot (Figure 1e ). The day-10 surface temperature for case SJ1 is very similar to that of LC1; the departure from LC1 evolution is only visible in the difference map (Figure 2b ), which consists of small dipoles at the same scale as the synoptic eddies, with a meridional gradient of $2 K/degree. Notice the (small) overall poleward displacement of synoptic systems due to the presence of the stratospheric jet. In Figure 3a , we show the zonal mean surface geopotential height anomaly, i.e., the difference from the LC1 value. While the initial anomaly (dashed line) is very small, the integral of the anomaly over 20 days (solid line), which gives a measure of the total response of the troposphere to the stratospheric jet, shows a dipole approximately of ±25 m, which clearly resembles the surface AO.
[10] The surface response to the stratosphere in case SJ1 is small: the 50 m peak-to-peak geopotential height dipole corresponds to a surface pressure dipole of $7 hPa. We next ask if the surface AO response is larger for a combined stratospheric and tropospheric initial anomaly, a feature seen in observations during the high-AO state [see, e.g., Tanaka and Tokinaga, 2002, Figure 11 ; Ambaum et al., 2001, Figure 6 ]. Case SJ2, shown in Figure 1c , has initial tropospheric winds that are modified to resemble the mean state corresponding to a high tropospheric AO index, in addition to the high stratospheric AO index retained from SJ1. As illustrated by the difference from LC1 (Figure 1f ), the initial winds are then enhanced on the poleward side of the tropospheric jet. While one may anticipate that most of the tropospheric response to this modification to the initial conditions will be due to the presence of anticyclonic meridional shear across the baroclinic THM jet James, 1997a, 1997b] , here we are interested in the distinct effect of the stratosphere.
[11] In case SJ2, the evolution of the lifecycle is markedly different from LC1, as shown by the day-10 surface temperature (Figure 4a ). The cyclonic centers are shifted poleward by 10°, and a corresponding poleward shift in the low-latitude frontal features. The differences from LC1 (Figure 4b ) are again at the synoptic scale, but have an amplitude approximately 2 times larger than the SJ1 differences. The corresponding integrated surface geopotential height anomaly (Figure 3b) shows a dipole similar to SJ1 but with a 10-fold increase in magnitude.
[12] At this point one may ask how much of the observed difference to the surface response between SJ2 and LC1 is due to the tropospheric modifications to the LC1 initial condition, and how much to modifications in the stratosphere. To answer this question, we show a final lifecycle, labeled SJ2 0 , with initial conditions shown in Figure 1d . In case SJ2
0 the initial winds match those of SJ2 in the troposphere and those of LC1 in the stratosphere. The difference in the resulting day 10 evolution from LC1 ( Figure 5a ) is nearly identical to the SJ2 -LC1 difference, and the resulting integrated surface geopotential anomaly (Figure 3c ) is also very similar to that of SJ2. However, the difference between the SJ2 and SJ2 0 day 10 surface temperature fields (Figure 5b ) reveals features at the synoptic scale, as in the SJ1 -LC1 difference (Figure 2b ). Therefore even though the surface response in SJ2 and SJ2 0 is dominated by sensitivity to tropospheric anomalies, the sensitivity to stratospheric anomalies persists independently of the tropospheric initial state, and manifests itself at the synoptic scale.
Discussion
[13] Our numerical experiments show that baroclinic lifecycles are sensitive to the zonal mean stratospheric state across a range of tropospheric initial states.
[14] The occurrence of an AO-like surface geopotential height anomaly resulting from a stratospherically influenced baroclinic lifecycle, and the fact that the anomalies in the surface temperature field are at the synoptic scale, show how the stratosphere is able to influence large-scale tropospheric variability through a consistent effect on individual synoptic systems. Though the response of an individual lifecycle to stratospheric changes in the initial condition is weak compared with the response to tropospheric changes, the former may be significant when applied consistently over many lifecycles.
[15] The lifecycle response is greatly amplified when the jet added to the LC1 initial condition extends throughout the troposphere, as in SJ2, which is representative of an observed high-AO state. This amplification is due to the fact that the steering level of developing baroclinic eddies is below 5 km, making them most sensitive to added meridional shears there [Hartmann, 2000; James, 1997a, 1997b] .
[16] The enhanced nonlinear response in SJ2 and SJ2 0 corroborates the linear result of Tanaka and Tokinaga [2002] , who suggest that baroclinic eddies might feed back into the high-AO mean flow. As can be inferred from
Figures 3b and 3c, the projection of the final integrated surface geopotential height anomaly onto a notional AO pattern is greater than that of the initial anomaly. This nonlinear eddy feedback has been noted before in the forceddissipative experiments of Kushner and Polvani [2004] and Song and Robinson [2004] .
[17] In sum, we find that although tropospheric changes to the initial conditions yield much larger responses than stratospheric changes, a comparison of SJ1 with LC1, and SJ2 0 with SJ2, reveals synoptic-scale differences due to the presence or absence of a jet in the stratosphere. These changes, although small, may be significant in the effort to explain the stratospheric influence on the troposphere demonstrated in recent papers. 
